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Abstract
Vascular endothelial growth factor (VEGF) signaling is critical for both normal and disease-
associated vascular development. Dysregulated VEGF signaling has been implicated in ischemic
stroke, tumor angiogenesis, and many other vascular diseases. VEGF signals through several
effectors, including the Rho family of small GTPases. As a member of this family, Rac1 promotes
VEGF-induced endothelial cell migration by stimulating the formation of lamellipodia and
membrane ruffles. To form these membrane protrusions, Rac1 is activated by guanine nucleotide
exchange factors (GEFs) that catalyze the exchange of GDP for GTP. The goal of this study was to
identify the GEF responsible for activating Rac1 in response to VEGF stimulation. We have found
that VEGF stimulates biphasic activation of Rac1 and for these studies we focused on the peak of
activation that occurs at 30 min. Inhibition of VEGFR-2 signaling blocks VEGF-induced Rac1
activation. Using a Rac1 nucleotide-free mutant (G15ARac1), which has a high affinity for binding
activated GEFs, we show that the Rac GEF Vav2 associates with G15ARac1 after VEGF stimulation.
Additionally, we show that depleting endothelial cells of endogenous Vav2 with siRNA prevents
VEGF-induced Rac1 activation. Moreover, Vav2 is tyrosine phosphorylated upon VEGF treatment,
which temporally correlates with Rac1 activation and requires VEGFR-2 signaling and Src kinase
activity. Finally, we show that depressing Vav2 expression by siRNA impairs VEGF-induced
endothelial cell migration. Taken together, our results provide evidence that Vav2 acts downstream
of VEGF to activate Rac1.
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INTRODUCTION
Angiogenesis, the sprouting of new blood vessels from a pre-existing vascular network, occurs
in many physiological and pathological conditions. This process is initiated by the migration
of endothelial cells in response to chemotactic agents such as vascular endothelial growth factor
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(VEGF). VEGF is a soluble glycoprotein that promotes wound healing and blood vessel
formation during specific biological processes such as pregnancy [1]. Though VEGF signaling
is required for normal vascularization, aberrant signaling is linked to many diseases because
of its ability to stimulate inappropriate cell proliferation, motility, and permeability. For
example, in tumor angiogenesis, VEGF enhances tumor growth by inducing the migration and
organization of surrounding endothelial cells into nascent blood vessels [1,2].
The formation of lamellipodia, protrusive structures at the leading edge of migrating cells, is
critical for cell migration [3]. Previous work has shown that VEGF signaling induces
lamellipodia formation and increases the migration of endothelial cells [4–6]. During this
process, VEGF elicits its biological effects such as migration through VEGF receptor-2
(VEGFR-2), a member of the VEGF family of receptor tyrosine kinases found in endothelial
cells [7].
VEGF-induced endothelial cell migration is mediated by many signaling molecules including
the Rho family of small GTPases. Rho GTPases transduce signals from extracellular stimuli
to cause changes in cell behavior [8]. The best characterized members of the family, RhoA,
Cdc42, and Rac1 affect many cellular processes required for growth and survival including
cytoskeletal organization, cell morphology, and adhesion. Of these GTPases, active Rac1 has
been shown to stimulate cell migration by inducing lamellipodia formation. The effects of
VEGF on endothelial cell motility are inhibited when Rac1 activity is perturbed [4], suggesting
that VEGF mediates actin remodeling through Rac1.
Like other Rho GTPases, Rac1 acts as a molecular switch that cycles from an inactive GDP-
bound state to an active GTP-bound state. Since Rac1 has an intrinsically low rate of GDP-
GTP cycling, this process is promoted by guanine nucleotide exchange factors (GEFs) [9–
12]. GEFs often couple signaling pathways that involve the activation of cell surface receptors
such as integrins and growth factor receptors to Rho GTPases. In this study, we asked which
exchange factor mediates Rac1 activity, downstream of VEGF signaling in endothelial cells
and how its activity is regulated by VEGF.
MATERIALS AND METHODS
Cell culture
Pooled human umbilical vein endothelial cells (HUVECs) and human dermal microvascular
endothelial cells (HMVEC-d) were obtained from Cambrex (East Rutherford, NJ) and grown
in Clonetics EGM-2 or EGM-2-MV (for HMVEC-d) media according to manufacturer’s
instructions at 37°C and 10% CO2. Cells were used between passages 3–6. COS7 cells were
grown in Dulbecco’s modified Eagles medium (Sigma, St. Louis, MO) containing 10% fetal
bovine serum (Sigma) and penicillin/streptomycin/fungizone (Invitrogen, Carlsbad, CA).
Jurkat T cells were grown in RPMI 1640 media supplemented with 10% fetal calf serum
(BioWhittaker, Rockland, ME).
Antibodies and pharmacological reagents
Vav2 rabbit antiserum was generated previously and used as previously described [13]. Vav2
rabbit polyclonal antibody (pAb) used for GST-G15ARac1 pulldown was obtained from
Zymed (San Francisco, CA). Vav2 monoclonal antibody (mAb) was purchased from Babraham
Bioscience Technologies (London, England). Anti-phosphotyrosine (pY20), Rac1, Cdc42, and
Sos1 mAbs were purchased from BD Transduction Laboratories (San Jose, CA). Anti-
phosphotyrosine (pY99) mAb, VEGF-1 pAb, RhoA mAb, β-PIX goat-pAb, and phospho-Vav2
(pY172) rabbit-pAb were obtained from Santa Cruz Biotechnology (Santa Cruz, CA). Vav3
pAb, Src mAb and cortactin (clone 4F11) mAb was obtained from Upstate Biotechnology
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(Lake Placid, NY). Vav1, VEGF-2 and VEGF-3 pAbs were purchased from Cell Signaling
Technology. Phospho-Src (pY418) rabbit-pAb was purchased from Biosource (Camarillo,
CA). Recombinant human VEGF165 was purchased from R&D Systems (Minneapolis, MN).
VEGFR-2 inhibitors SU1498 and ZM323881, human α-thrombin, Src inhibitors PP2 and
SU6656, and inactive Src compound PP3 were purchased from Calbiochem (San Diego, CA).
Glutathione-Sepharose was purchased from Amersham Biosciences (Uppsala, Sweden).
siRNA transfection
HUVECs were transfected at 90–100% confluency with the siRNA oligos indicated in each
experiment according to the manufacturer’s protocol using RNAifect Transfection Reagent
(Qiagen, Valencia, CA). After the delivery of the 2.5 μg for HUVECs and 5.0 μg for HMVEC-
d siRNA oligos for 4 h, the transfection medium was replaced with fresh EGM-2 media for
24–36 h. Vav2-specific siRNA oligos against the human sequence were as follows: 5′-
UCACAGAGGCCAAGAAAUUUU-3′ and 5′-AAUUUCUUGGCCUCUGUGAUU -3′.
VEGFR-2 (KDR)-specific siRNA oligos against the human sequence were as follows: 5′-
GGAAAUCUCUUGCAAGCUAUU - 3′ and 5′ – UAGCUUGCAAGAGAUUUCCUU -3′.
Rac1-specific siRNA oligos against the human sequence were as follows: 5′-
GUUCUUAAUUUGCUUUUCC-3′ and 5′-GGAAAAGCAAUUAAGAAC -3′ and were used
at 20 nM as described by Deroanne et al [14]. siGLO, a non-specific siRNA oligo with a
fluorescent rhodamine tag, was used as a control (Dharmacon, Chicago, IL).
Immunoprecipitation and immunoblotting
For immunoprecipitation, HUVECs were starved in serum-free Optimem media for 1 h at 37°
C under 10% CO2. Cells were then pretreated with specific VEGFR-2 inhibitors (50 μM
SU1498 and 10 nM ZM323881) or Src inhibitors (30 μM PP2 or PP3, the latter being an inactive
control) for 30 min at 37°C. Subsequently, cells were rinsed with PBS and treated with 10 ng/
mL VEGF165 for the time specified. Cells were washed in cold PBS prior to scraping into
modified ice-cold RIPA buffer (50 mM Tris-HCl pH 7.4, 150 mM NaCl, 1% Triton X-100,
0.25% deoxycholate (DOC), 1.5 mM MgCl2, 1 mM EGTA, 1 mM phenylmethylsulfonyl
fluoride (PMSF), 10 mM NaF, 10 mM pervanadate, 10 μg/mL leupeptin, 10 μg/mL aprotinin)
on ice. Lysates were clarified by centrifugation at 16,000 × g for 10 min, precleared with protein
A- or protein G-Sepharose beads for 30 min, and then incubated with antibody and beads for
2 h at 4°C. The beads were washed three times in RIPA buffer and bound proteins were eluted
with SDS sample buffer.
For immunoblotting, cells were washed in cold PBS and scraped into general lysis buffer (50
mM Tris-HCL, pH 7.6, 150 mM NaCl, 1% Triton X-100, 0.25% DOC, 2 mM EGTA, 1 mM
PMSF, 10 μg/mL leupeptin, 10 μg/mL aprotinin). Cells were lysed on ice and clarified by
centrifugation. For both techniques, protein concentrations were determined using detergent-
compatible (DC) protein assay kit (Bio-Rad, Hercules, CA) according to the manufacturer’s
instructions. Equal amounts of total protein were denatured in SDS sample buffer, run on 10%
SDS-polyacrylamide gels and transferred to Immobilon-P membrane. Blots were probed with
primary antibody and then horseradish peroxidase-conjugated secondary antibody, visualized
by enhanced chemiluminescence according to the manufacturer’s instructions.
Chemotaxis assay
To assess the migratory behavior of endothelial cells transfected with Vav2 siRNA, chemotaxis
assays were performed using Transwell polycarbonate filters (6.5-mm diameter, 8-μm pore
size) (Costar, Acton, MA). The top and bottom surfaces of the filters were coated with 10 μg/
mL fibronectin in PBS overnight at 4°C. After overnight incubation, 10 ng/mL VEGF165 in
serum-free Optimem media was added to the lower chamber where indicated. Equal amounts
of Vav2 siRNA transfected cells (105) in serum-free Optimem media were added to the upper
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chamber and allowed to migrate for 4 h at 37°C. After 4 h, migrated cells were rinsed, fixed,
stained with Hoechst 33342 (Molecular Probes, Eugene, OR) and the number of cells that
migrated to the other side of the filter were counted. At least three fields per filter were counted
using fluorescent microscopy.
GTPase activation assays
The GTPase activity of RhoA, Rac1, and Cdc42 was measured as previously described [15]
with some modifications. Cells were rinsed with cold PBS and lysed in RIPA buffer as
described. Lysates were cleared by centrifugation and protein concentration was measured.
Equal amounts of protein (400–600 μg) were incubated with 50 μg GST fusion protein of Rho-
binding domain of Rhotekin (GST-RBD) or GST fusion protein of CRIB-binding domain of
PAK (GST-PBD) bound to glutathione-Sepharose beads for 30 min at 4°C. Active RhoA was
precipitated with GST-RBD and active Rac1 and Cdc42 were precipitated with GST-PBD.
Beads were washed three times in buffer (50 mM Tris-HCl, pH 7.6, 500 mM NaCl, 1% Triton
X-100, 0.5 mM MgCl2, 1 mM PMSF, 10 μg/mL leupeptin, 10 μg/mL aprotinin) and associated
proteins were eluted with sample buffer. The amount of active RhoA, Rac1, and Cdc42 was
then analyzed by immunoblotting and quantified by densitometric analysis using ImageJ
software (NIH).
Precipitation of Activated GEFs with Recombinant Rac1 Protein
To perform the pulldown assay with nucleotide-free Rac1 mutant (G15ARac1), HUVECs were
lysed and processed as described in Garcia-Mata et al. [16]. Briefly, cells were lysed in a buffer
consisting of 1% Triton X-100, 20 mM HEPES, pH 7.4, 150 mM NaCl, 5 mM MgCl2, and
protease inhibitors. Lysates were cleared by centrifugation at 16,000 × g for 10 min. Equal
amounts of protein (400–600 μg) were incubated at 4 °C for 60 min with 20 μg of GST or GST
fusion proteins containing nucleotide-free Rac1 protein (G15ARac1) bound to glutathione-
Sepharose. After 1 h of incubation, the beads were washed 4 times with lysis buffer. Samples
were immunoblotted using antibodies against Vav2, Sos1 and β-PIX. Membranes were also
stained with Ponceau S prior to immunoblotting to confirm that similar amounts of fusion
proteins were used in all experiments.
Scratch wound migration assays
HUVEC monolayers were grown on growth factor-reduced Matrigel (BD Biosciences, San
Jose, CA) for 48 h in glass-bottomed dishes (MatTek Corporation, Ashland, MA). Cells were
starved for 1 h in serum-free Optimem media prior to the experiment. The monolayer was
scratch-wounded with a pipet tip (Fisher Scientific, Suwanee, GA) and then washed to remove
debris. Cells were allowed to migrate for 48 h with images collected at desired time points. In
both assays, images were obtained using a 10× objective on a Zeiss Axiovert microscope (Zeiss,
Thornwood, NY) and analyzed using MetaMorph Imaging software (Universal Imaging Corp.,
West Chester, PA).
Statistical Analysis
Statistical analysis was calculated using either Student’s t-test or 2-way analysis of variance
(ANOVA) where indicated.
RESULTS
VEGF activates Rac1 through VEGFR-2 in endothelial cells
We measured Rac1 activity by using GST-PBD to pulldown GTP-Rac. Work by Zeng et al.
showed a rapid and transient increase in Rac1 activity around 5 min of VEGF treatment [17].
In preliminary work, we confirmed these results and found that there is a peak of Rac activity
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at 1–5 min which then declines. Extending the time course, we have found that there is a second
peak of Rac activity that reaches a maximum 30 min after VEGF stimulation in both HUVECs
and HMVEC-d (Fig. 1A). VEGF has also been shown to activate other small GTPases [17].
We found that RhoA transiently becomes activated 5–15 min after VEGF treatment. This data
confirmed work by other groups [18,19] that demonstrated a rapid and transient increase of
RhoA activity in the first few minutes after VEGF treatment. Cdc42 was also activated 5–15
min after stimulation with VEGF; this activity declined and elevated again around 60 min. The
activation of RhoA and Cdc42 decreased at 30 min and thus, do not correlate with the second
peak of Rac activity (Fig. 1B). In this study, we have focused on this second peak of Rac
activity.
VEGF functions are mediated by three VEGF receptors (VEGFR-1, VEGFR-2, and VEGFR-3)
expressed in HUVECs, but previous work has shown that the VEGFR-2 is the main receptor
responsible for processes such as cell migration [7,20–22]. To examine the role of this receptor
in VEGF signaling to Rac1, we first used two structurally different but selective VEGFR-2
inhibitors, SU1498 and ZM323881. Both inhibitors blocked VEGF-induced Rac1 activation
at 30 min (Fig. 1C). Using siRNA against VEGFR-2, we successfully depleted VEGFR-2
expression in HUVECs, whereas VEGFR-1, VEGFR-3, and β-actin protein expression were
not affected (Fig. 1D). VEGF-induced Rac1 activation was inhibited when VEGFR-2
expression was depleted by siRNA targeting (Fig. 1E). Taken together, these results indicate
that expression and activation of VEGFR-2 is required to mediate VEGF-induced Rac1
activation at 30 min.
Exchange factor Vav2 couples VEGF signaling to Rac1
It has been shown that several GEFs activate Rac1 in response to EGF and PDGF signaling
[13,23–25]. To determine which exchange factors activate Rac1 downstream of VEGF, we
first investigated the endogenous expression of candidate Rac1 GEFs in endothelial cells. We
identified Vav2, β-PIX and Sos-1 in HUVECs by western blotting (Fig. 2A). Vav2 is a member
of a family of closely related GEFs and we looked for the presence of Vav1 and Vav3 as well.
Vav1 was not detected, consistent with its reported distribution being restricted to
hematopoietic cells. With Vav3, a weakly cross-reacting band was detected migrating slightly
faster than the corresponding band detected in COS7 cells. However, we did not detect the
presence of Vav3 mRNA by RT-PCR in HUVECs (data not shown). Interestingly, in HMVEC-
d cells, we did detect low levels of Vav3 both by western blotting (Fig. 2A) and by RT-PCR
(data not shown).
In order to determine which GEF might be involved in Rac1 activation downstream from VEGF
stimulation of HUVECs, we used nucleotide-free Rac1 in a pulldown strategy. This technique
is based on the concept that GEFs bind small GTPases with high affinity when the GTPase is
in a transitional nucleotide-free state [16,26]. As such, the nucleotide-free Rac1 mutant
G15ARac1 has higher affinity for binding active GEFs, and our laboratory has used this mutant
previously to bind and identify active GEFs [16]. Using a GST fusion protein of the G15ARac1
mutant, we found that 30 min VEGF treatment increased the association of Vav2 with
G15ARac1. Conversely, when we inhibited VEGFR-2 signaling with SU1498, VEGF
treatment did not stimulate the interaction between Vav2 and G15ARac1 (Fig. 2B). G15ARac1
failed to pull down Sos1 after VEGF treatment, suggesting that Sos1 is not involved in VEGF-
induced signaling at this time point in endothelial cells. Low levels of β-PIX were detected
binding to the G15ARac1 mutant, but the level of binding was not increased by VEGF
treatment. Control experiments using GST showed no evidence of non-specific GEF binding
(data not shown). We have also observed that silencing of VEGFR-2 by RNAi perturbs VEGF-
stimulated Vav2 binding to G15ARac1 (data not shown). These results indicated that of the
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GEFs examined only Vav2 increased its association with G15ARac1 after VEGF stimulation
through the VEGFR-2 signaling.
To study further the role of Vav2 in VEGF-induced Rac1 activation, we used siRNA against
Vav2 to decrease Vav2 expression in endothelial cells. Silencing Vav2 resulted in a decrease
of Vav2 protein expression, but no changes in Vav3, Sos1 or β-actin (Fig. 2C). Following
knockdown of Vav2 expression there was impaired Rac1 activation in response to VEGF in
both HUVECs and HMVEC-d (Fig. 2D). In the HUVECs, we used two different siRNA oligos
against Vav2 and observed comparable results (data not shown). Silencing Vav2 with siRNA
did not affect expression of Vav3 in HMVEC-d (data not shown). Collectively, these
experiments suggest that Vav2 expression is required for VEGF-induced Rac1 activation at
the 30 min time point in these two endothelial cell types.
Vav2 is tyrosine phosphorylated in response to VEGF
The pulldown assay with G15ARac1 suggested that Vav2 is activated downstream of VEGF
treatment. Given that Vav2 is tyrosine phosphorylated in response to EGF and PDGF signaling,
and that tyrosine phosphorylation has been associated with Vav2 activation [13,27], we
examined the tyrosine phosphorylation of Vav2 following VEGF treatment. We found that
Vav2 tyrosine phosphorylation was stimulated by VEGF and peaked at 30 min of VEGF
stimulation (Fig. 3A). VEGF did not induce detectable tyrosine phosphorylation of Sos1 (data
not shown). To determine whether tyrosine phosphorylation of Vav2 was downstream of
VEGFR-2, we applied the pharmacological inhibitors of VEGFR-2 used earlier to inhibit Rac1
activation. Both SU1498 and ZM323881 prevented Vav2 tyrosine phosphorylation in response
to VEGF (Fig. 3B). In addition, silencing VEGFR-2 with siRNA decreased VEGF-induced
Vav2 tyrosine phosphorylation (Fig. 3C). These results suggest that VEGF-induced Vav2
tyrosine phosphorylation requires VEGFR-2 signaling.
Tyrosine phosphorylation of Vav2 is mediated by Src
The non-receptor tyrosine kinase Src is a known effector of VEGF signaling and is important
for endothelial cell migration [28–30]. Previous work has demonstrated that Src phosphorylates
exchange factors that activate Rho proteins [31–33]. To confirm that Src is activated by VEGF,
we used phosphospecific antibodies that bind to phosphorylated tyrosine 418 of Src. This
tyrosine residue is found in the activation loop of Src and its phosphorylation leads to Src
activation [34]. VEGF treatment of HUVECs stimulated Src phosphorylation at tyrosine 418
and this was blocked by the Src inhibitor PP2 (Fig. 4A). To investigate the role of Src in Vav2
tyrosine phosphorylation, Src kinase activity was blocked with PP2. Immunoprecipitations
with Vav2 revealed that, in response to VEGF, Vav2 tyrosine phosphorylation was decreased
in cells treated with PP2, whereas the inactive analog PP3 did not affect Vav2 tyrosine
phosphorylation (Fig. 4B). It has been shown previously that phosphorylation of tyrosine 172
in Vav2 relieves an intramolecular inhibition, potentially resulting in increased activity of Vav2
by allowing access to the DH domain [27,35]. Using a phosphospecific antibody, we explored
whether Vav2 was specifically phosphorylated at tyrosine 172 upon VEGF treatment. VEGF
treatment induced phosphorylation of Vav2 on tyrosine 172 (Fig. 4C). This phosphorylation
was blocked by PP2, but not PP3, suggesting that this phosphorylation depended on Src kinase
activity. Lastly, to determine if Src kinase activity in turn perturbs Rac1 activation, we treated
cells with the Src inhibitors PP2 or SU6656. Both inhibitors, but not PP3, abolished VEGF-
induced Rac1 activation (Fig. 4D). These results were also seen in HMVEC-d (data not shown).
Together, these data indicate that VEGF-induced tyrosine phosphorylation of Vav2, in
particular on tyrosine 172, is regulated by Src and that Src kinase activity is required for
activation of Rac1 in response to VEGF.
Garrett et al. Page 6













Vav2 is necessary for VEGF-induced endothelial cell migration
Previous work has shown that VEGF stimulates HUVEC migration [4,5,36]. Since our findings
suggested that Vav2 specifically activates Rac1 during VEGF signaling, we investigated
whether Vav2 was required for the migration of HUVECs and HMVEC-d towards VEGF. We
knocked down expression of Vav2 in both cell types using siRNA and assayed for chemotactic
migration across Transwell filters. As expected, we found that migration of endothelial cells
was increased when a VEGF gradient was present (Fig. 5A, closed bars). However, migration
was significantly decreased in both endothelial cell types when Vav2 was depleted using
siRNA (Fig. 5A). Studies performed in HUVECs with two different siRNAs against Vav2
showed similar results (data not shown). Since Vav2 is known to activate not only Rac1 but
also RhoA and Cdc42 in vitro, we determined if silencing of Rac1 conferred similar migratory
defects as seen with Vav2 siRNA. Using siRNA against Rac1 to knockdown Rac1 expression,
we found that HUVEC migration towards VEGF was significantly decreased as was seen with
the knockdown of Vav2 (Fig. 5B). These observations show that Vav2 expression contributes
to chemotactic migration of endothelial cells towards VEGF and that Rac1 is important for this
migration. To investigate further the role of Vav2 in HUVEC migration, we performed a
“scratch wound” assay comparing migration of HUVECs in which Vav2 levels had been
depressed by siRNA with cells expressing control siRNA. After being stimulated with VEGF,
endothelial cells depleted of Vav2 by siRNA revealed decreased wound closure compared to
control cells (Fig. 5C).
DISCUSSION
VEGF signaling is well-characterized in the context of endothelial cell behavior and function,
but relatively little is known about the downstream proteins that directly facilitate biological
responses. Our finding that VEGF causes both early (1–5 min) and late (30 min) activation of
Rac1 demonstrates that VEGF signaling controls Rac1 activity in a time-dependent manner.
This finding is similar to recent data shown by Aoki et al. [37] in PC12 cells stimulated with
nerve growth factor (NGF), suggesting that biphasic Rac1 activation occurs in different cell
types in response to cell-specific stimuli. Our work has focused on the late phase of Rac1
activation in response to VEGF stimulation since Rac1 activation was most pronounced at
these later stages.
Currently, it is unclear how specific exchange factors couple growth factor signaling to Rho
proteins, thereby allowing these proteins to coordinate finely-orchestrated biological
responses. Though several studies showed that VEGF causes endothelial cell migration by
inducing Rac1-stimulated lamellipodia formation, the pathway between VEGF signaling and
Rac1 activation was not explored [4]. In this study, we identified the exchange factor Vav2 as
mediating VEGF signaling to Rac1. Using a nucleotide-free G15ARac1 mutant, we showed
that Vav2 interacts with Rac1 after VEGF stimulation and this association correlated with a
robust increase in Rac1 activity. Additionally, we observed that VEGF stimulated tyrosine
phosphorylation of Vav2. This tyrosine phosphorylation was prevented by inhibiting either
VEGFR-2 signaling or Src kinase activity. Moreover, knockdown of Vav2 not only inhibited
the increase in Rac1 activity in response to VEGF stimulation, but also inhibited VEGF-
stimulated migration. Together these results indicate that Vav2 plays a critical role in the
response to VEGF. It is interesting that the related GEF, Vav3, was also detected at low levels
in HMVEC-d. The similarity of this GEF to Vav2 raises the possibility that it too may contribute
to Rac1 activation downstream from VEGF stimulation. However, because the knockdown of
Vav2 significantly decreases VEGF-induced Rac1 activation and cell migration, the
contribution of Vav3 to this response must be small at best.
Vav2 is one of the better characterized Rac1 GEFs and in several cell types is necessary for
processes that require rearrangement of the actin cytoskeleton, including spreading and
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migration [31,38,39]. Recent data have shown that Vav2 is critical for Rac1 activity
downstream of both adhesion molecules and growth factor receptors in diverse cell types. Two
recent studies have shown that Vav2 is involved in nectin- and E-cadherin-induced activation
of Rac1 in MDCK cells [40,41]. Similarly, Vav2 has been implicated in neuronal cell migration
and neurite outgrowth mediated by adhesion molecule L1 [42], and Rac1-dependent Schwann
cell migration [43]. Vav2 has also been shown to promote cell migration in response to EGF
and UTP nucleotide signaling [13,44,45]. We conclude that Vav2 is an exchange factor
commonly used by cells to activate Rac1 and promote migration in response to diverse
signaling pathways.
In immunoprecipitation studies, we observed that Vav2 may not directly associate with
VEGFR-2 (data not shown), thus other intermediate proteins may link VEGF signaling to Vav2
activity. Vav2 is regulated by tyrosine phosphorylation and/or membrane targeting, but the
exact regulatory mechanism is controversial. Vav2 is tyrosine phosphorylated in response to
EGF and PDGF signaling and this phosphorylation correlates with enhanced migration of
fibroblasts [13,27,46]. However, it is still unclear whether this tyrosine phosphorylation
directly regulates Vav2 exchange activity.
Work from other labs has indicated that the non-receptor tyrosine kinase Src may phosphorylate
Vav2 downstream of VEGF signaling [33,47]. Eliceiri et al. [47] showed that endogenous Src
kinase activity is required for VEGF-induced angiogenesis. Another study showed that Vav2
is tyrosine phosphorylated in cells transfected with an active form of c-Src (Src Y529F) [33].
Overexpression of wild-type Vav2 fails to activate Rac1 or induce lamellipodia formation in
cells that are expressing a dominant negative Src or cells that are treated with Src inhibitor PP2
[31]. These data support a role for Src in Vav2 activation. Gavard and Gutkind [48] published
that Src-dependent phosphorylation of Vav2 upon VEGF stimulation promotes VE-Cadherin
endocytosis, contributing to endothelial cell permeability. To complement those studies, we
show here that VEGF-induced Vav2 tyrosine phosphorylation and downstream activation of
Rac1 depends on Src kinase activity in endothelial cells and is responsible for migration and
wound closure. Collectively, these data illustrate an important role for Vav2 in endothelial cells
responding to VEGF. Work by Sauzeau et al. [49] has shown that Vav2 knockout mice have
defects in cardiovascular function characterized by an increase in hypertension and
tachycardia, suggesting that Vav2 is not only essential for the regulation of endothelial cells,
but other vascular cells as well.
The stimulation of endothelial migration by VEGF is important for normal angiogenesis.
However, there are several situations where angiogenesis can have pathological consequences.
For example, much attention has been paid to the vascularization of tumors, which facilitates
tumor growth. Similarly, inappropriate blood vessel formation underlies several pathological
situations, such as age-related macular degeneration. Understanding the signaling pathways
by which VEGF stimulates Rac1 activation and cell migration may reveal new therapeutics
targets. Our identification of Vav2 as an exchange factor activated in response to VEGF
stimulation suggests Vav2 as a potential target for drug development.
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vascular endothelial growth factor
VEGFR  
vascular endothelial growth factor receptor
GEF  




human umbilical vein endothelial cells
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reverse transcriptase-polymerase chain reaction
siRNA  
short interfering ribonucleic acid
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Figure 1. VEGF activates Rac1 in endothelial cells through VEGFR-2
(A) HUVECs (top panels) or HMVEC-d (bottom panels) were serum starved for 1 h and treated
with 10 ng/mL VEGF for the specified times and subsequently assayed for Rac1 activity as
described in Experimental Procedures. The upper left panel shows Rac-GTP levels after VEGF
treatment. The lower left panel shows total Rac1 levels. The histogram on the right shows
quantification of the increase in Rac1 activity after VEGF stimulation in four independent
experiments. (B) VEGF activates RhoA and Cdc42. HUVECs were serum starved for 1 h and
treated with 10 ng/mL VEGF for the specified times and subsequently assayed for RhoA or
Cdc42 activity as described in Experimental Procedures. The upper left panel shows GTP levels
of RhoA or Cdc42 after VEGF treatment. The lower left panel shows total levels of RhoA or
Cdc42 expression. The histogram on the right shows quantification of the Rho-GTP or Cdc42-
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GTP levels after VEGF stimulation in four independent experiments. (C) VEGF receptor-2
inhibitors block VEGF-induced Rac1 activation. Cells were pretreated with either 50 μM
SU1498 or 10 nM ZM323881 (VEGFR-2 inhibitors) for 30 min at 37°C, followed by VEGF
treatment for 30 min. Untreated (un) denotes cells not treated with VEGF. The upper left panel
shows that both inhibitors blocked Rac1 activity at 30 min. The lower left panel shows equal
protein loading of total Rac1. The histogram on the right shows quantification of Rac1
activation. (D) Knockdown of VEGFR-2 protein expression by siRNA. HUVECs were
transfected with either siGLO, a non-specific control siRNA oligo or VEGFR-2-specific
siRNA oligos as described in Experimental Procedures. After 24 h, the cells were serum-
starved for 1 h, treated with VEGF for 30 min and assayed for active Rac1. Quantification of
protein expression is shown in the histogram on the right (n = 3; **p < 0.01). (E) VEGFR-2-
specific siRNA blocks Rac1 activity after VEGF stimulation. HUVECs were assayed 24 h after
transfection with VEGFR-2-specific siRNA. The upper left panel shows VEGF-induced Rac1
activity is decreased in VEGFR-2 siRNA-transfected cells compared to control cells. The
middle left panel confirms equal levels of total Rac1, and the lower left panel shows levels of
VEGFR-2 expression following siRNA treatment. The histogram on the right represents the
average Rac1 activation relative to total Rac1 levels in four independent experiments (n = 4;
*p < 0.05 by 2-way ANOVA).
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Figure 2. Vav2 couples VEGF signaling to Rac1
(A) Endogenous expression of candidate Rac1 GEFs in endothelial cells. Equivalent total
protein from HMVEC-d, HUVECs or COS7 cells was probed with antibodies against the
specific Rac1 GEFs Vav2 and Vav3. Similarly, expression of Vav1 was probed in HMVEC-
d, HUVECs, or Jurkat T cells. Equivalent levels of protein from HUVECs or COS7 cells were
also probed with antibodies against other Rac1 GEFs, Sos1 and β-PIX. β-actin (bottom panel)
indicated equal amount of protein was loaded. (B) VEGF stimulates Vav2-Rac1 complex
formation. HUVECs were serum-starved and then pretreated in the presence or absence of 50
μM SU1498. Cells were treated with 10 ng/mL VEGF for 30 min, lysed, and lysates were
incubated with the nucleotide-free Rac1 mutant fused to GST (GST-G15ARac1) on
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glutathione-Sepharose beads for 60 min at 4°C. Antibodies against Vav2 (upper panel), Sos1
(middle panel), and β-Pix (lower panel) were used to detect binding of these proteins to
G15ARac1. The histogram shows the % GEF association to G15ARac1 in four independent
experiments (n = 4; *p < 0.05). (C) Knockdown of Vav2 protein expression with Vav2-specific
siRNA. HUVECs were transfected with either non-specific control siRNA (siGLO) or Vav2-
specific siRNA oligos as described in Experimental Procedures. The upper left panel shows
that Vav2 expression was significantly decreased by siRNA. The marked expression levels of
Vav3, Sos1, and β-actin are indicated in the panels and were unaffected by Vav2 siRNA. The
histogram on the right illustrates the fold change in Vav2 protein expression after siRNA, but
no change in Vav3 or Sos1 expression (n = 3; **p < 0.01). (D) Depleting Vav2 by siRNA
perturbs Rac1 activation. HUVECs (top panels) or HMVEC-d (bottom panels) were transfected
with Vav2-specific siRNA as described in Experimental Procedures. After 24 h, the cells were
serum-starved for 1 h, treated with VEGF for 30 min and assayed for active Rac1. The upper
left panel shows that Vav2 siRNA cells prevented VEGF-induced Rac1 activity compared to
control cells. The middle left panel shows equal levels of total Rac1. The lower left panel shows
knockdown of Vav2 expression by siRNA. The histogram on the right shows the average Rac1
activation relative to total Rac1 levels in three independent experiments (n = 3; *p < 0.05 by
2-way ANOVA).
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Figure 3. Vav2 is tyrosine phosphorylated in response to VEGF treatment
(A) Serum-starved HUVECs were stimulated with 10 ng/mL VEGF, endogenous Vav2
immunoprecipitated, and then probed for phosphotyrosine. Vav2 is tyrosine phosphorylated
after VEGF stimulation and peaked at 30 min (upper panel). The middle panel shows equal
Vav2 levels in every immunoprecipitation, whereas the lower panel shows equal protein
loading in cell lysates. (B) Vav2 tyrosine phosphorylation is blocked with VEGFR-2 inhibitors.
Cells were pretreated with 50 μM SU1498 or 10 nM ZM323881 for 30 min at 37°C, followed
by VEGF addition for 30 min. In the upper panel, immunoprecipitates of Vav2 were probed
with anti-phosphotyrosine antibody, showing that inhibiting VEGFR-2 signaling prevents
Vav2 tyrosine phosphorylation. The middle panel shows equal Vav2 levels in every
immunoprecipitation, and the lower panel shows equal protein loading in cell lysates. Blots
are representative of three independent experiments. (C) Vav2 tyrosine phosphorylation is
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blocked with VEGFR-2 siRNA. HUVECs were transfected with either non-specific control
siRNA (siGLO) or VEGFR-2-specific siRNA oligos as described in Experimental Procedures.
Cells were assayed 24 h after transfection with VEGFR-2-specific siRNA. Serum-starved cells
were stimulated with 10 ng/mL VEGF, endogenous Vav2 immunoprecipitated, and then
probed for phosphotyrosine. The upper left panel shows that VEGFR-2 siRNA cells prevented
Vav2 tyrosine phosphorylation 30 min after VEGF stimulation compared with control cells.
The middle panels confirm equal Vav2 levels in every immunoprecipitation and equal protein
loading in cell lysates. The lower panel shows levels of VEGFR-2 expression after siRNA
treatment. The histogram on the right shows the average Vav2 tyrosine phosphorylation
relative to total Vav2 levels in four independent experiments (n = 4; *p < 0.05 by 2-way
ANOVA).
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Figure 4. VEGF-induced Vav2 tyrosine phosphorylation is regulated by Src
(A) Serum-starved HUVECs were pretreated with either 30 μM PP2 (Src inhibitor) or PP3 (the
inactive analog) for 30 min at 37°C and then treated with VEGF. Untreated (un) denotes cells
not treated with 10 ng/mL VEGF for 30 min. Lysates were immunoblotted for phosphorylation
of tyrosine 418 on Src and showed that Src is catalytically activated after VEGF treatment
(upper panel). PP2, but not the control compound PP3, blocks Src tyrosine phosphorylation.
The middle panel shows equal Src levels in every immunoprecipitation, whereas the lower
panel shows equal protein loading in cell lysates. The histogram on the right shows the average
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Src tyrosine phosphorylation relative to total Src levels in three independent experiments (n =
3; *p < 0.05). (B) Src inhibition blocks Vav2 tyrosine phosphorylation. HUVECs were serum
starved and pretreated as described under “A”. Cells were lysed and Vav2 was
immunoprecipitated followed by immunoblotting for phosphotyrosine. Inhibiting Src with PP2
prevents Vav2 tyrosine phosphorylation, whereas Vav2 phosphorylation was unaffected by
PP3 (upper panel). The middle panel shows equal Vav2 levels in every immunoprecipitation,
whereas the lower panel shows equal protein loading in cell lysates. The histogram on the right
shows the average Vav2 tyrosine phosphorylation relative to immunoprecipitated Vav2 levels
in three independent experiments (n = 3; *p < 0.05). (C) The Src inhibitor PP2 blocks Vav2
phosphorylation specifically on tyrosine 172. Serum-starved HUVECs were pretreated as
described under “A”. Phosphorylation of Vav2 on Y172 was analyzed by western blotting
using a phospho-epitope-specific antibody. The upper panel shows that inhibition of Src with
PP2 prevents phosphorylation at this residue. The middle panel shows equal Vav2 levels in
every immunoprecipitation, whereas the lower panel shows equal protein loading in cell
lysates. The histogram on the right shows the average Vav2 phosphorylation on tyrosine 172
activation relative to total Vav2 expression in four independent experiments (n = 4; *p <
0.05). (D) VEGF-induced Rac1 activation is regulated by Src activity. HUVECs were serum
starved for 1 h, pretreated with either 30 μM PP2 or 5 μM SU6656 (Src inhibitor) or 30 μM
PP3 for 30 min at 37°C. Cells were then treated with 10 ng/mL VEGF and subsequently assayed
for Rac1 activity as described in Experimental Procedures. The upper left panel shows Rac-
GTP levels after VEGF treatment. The lower left panel shows total Rac1 levels. The histogram
on the right shows quantification of the increase in Rac1 activity after VEGF stimulation. Data
is representative of five independent experiments (n = 5; *p < 0.05, **p < 0.01).
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Figure 5. Vav2 silencing by siRNA reduces HUVEC chemotaxis and wound closure
(A) HUVECs (top panels) or HMVEC-d (bottom panels) were transfected with either non-
specific control (siGLO) or Vav2-specific siRNA. Blots indicate efficient knockdown of Vav2
protein levels. Cells were allowed to migrate for 4 h towards non-specific control media (open
bars) or media containing 10 ng/mL VEGF (closed bars) using Transwell filters. Chemotaxis
was quantified by calculating the mean number of cells that had migrated on the underside of
the Transwell filter in three separate fields per filter ± standard deviation of triplicate
independent experiments (n = 3; ** p < 0.01; *p < 0.05; ND, not significantly different by 2-
way ANOVA). (B) Silencing of Rac1 decreases HUVEC migration towards VEGF. HUVECs
were transfected with either non-specific control (siGLO) or Rac1-specific siRNA. Blots
indicate efficient knockdown of Rac1 protein levels. Cells were allowed to migrate for 4 h
towards non-specific control media (open bars) or media containing 10 ng/mL VEGF (closed
bars) using Transwell filters. Chemotaxis was quantified by calculating the mean number of
cells that had migrated onto the underside of the Transwell filter in three separate fields per
filter ± standard deviation of triplicate independent experiments (n = 3; ** p < 0.01; ND, not
significantly different by 2-way ANOVA). (C) Knockdown of Vav2 by siRNA prevents
VEGF-induced wound closure. Cells transfected with either control siRNA or Vav2-targeting
siRNA were wounded with a pipette tip and allowed to invade the wound for 48 h in the
presence of 10 ng/mL VEGF. Wound closure was visualized by phase microscopy. The
distance of wound closure is the average wound closure on three distinct points on each image
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over time and divided by the average initial wound size. At least five images were collected at
each time point. Bar, 100 μm. The graph shows the mean distance of wound closure in three
independent experiments (n = 3; *p < 0.05; ** p < 0.01).
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